The zinc finger transcription factor Miz1 is a negative regulator of TNFα-induced JNK activation and cell death through inhibition of TRAF2 K63-polyubiquitination in a transcription-independent manner. Upon TNFα stimulation, Miz1 undergoes K48-linked polyubiquitination and proteasomal degradation, thereby relieving its inhibition. However, the underling regulatory mechanism is not known. Here, we report that HECT-domain-containing Mule is the E3 ligase that catalyzes TNFα-induced Miz1 polyubiquitination. Mule is a Miz1-associated protein and catalyzes its K48-linked polyubiquitination. TNFα-induced polyubiquitination and degradation of Miz1 were inhibited by silencing of Mule and were promoted by ectopic expression of Mule. The interaction between Mule and Miz1 was promoted by TNFα independently of the pox virus and zinc finger domain of Miz1. Silencing of Mule stabilized Miz1, thereby suppressing TNFα-induced JNK activation and cell death. Thus, our study reveals a molecular mechanism by which Mule regulates TNFα-induced JNK activation and apoptosis by catalyzing the polyubiquitination of Miz1.
The zinc finger transcription factor Miz1 is a negative regulator of TNFα-induced JNK activation and cell death through inhibition of TRAF2 K63-polyubiquitination in a transcription-independent manner. Upon TNFα stimulation, Miz1 undergoes K48-linked polyubiquitination and proteasomal degradation, thereby relieving its inhibition. However, the underling regulatory mechanism is not known. Here, we report that HECT-domain-containing Mule is the E3 ligase that catalyzes TNFα-induced Miz1 polyubiquitination. Mule is a Miz1-associated protein and catalyzes its K48-linked polyubiquitination. TNFα-induced polyubiquitination and degradation of Miz1 were inhibited by silencing of Mule and were promoted by ectopic expression of Mule. The interaction between Mule and Miz1 was promoted by TNFα independently of the pox virus and zinc finger domain of Miz1. Silencing of Mule stabilized Miz1, thereby suppressing TNFα-induced JNK activation and cell death. Thus, our study reveals a molecular mechanism by which Mule regulates TNFα-induced JNK activation and apoptosis by catalyzing the polyubiquitination of Miz1.
Mule/ARF-BP1 | TNFα signaling | Miz1 ubiquitination T he transcription factor Miz1 plays a critical role in regulation of cell cycle arrest, proliferation, differentiation, and apoptosis by activating or repressing transcription (1, 2) . Miz1 binds to the core promoters of several genes, including p15Ink4b (3, 4), p21Cip1 (5) (6) (7) (8) , Mad4 (9) , and Bcl-2 (10), and stimulates expression of these genes. However, Miz1 can also mediate transcriptional repression by interacting with other transcription factors, including Myc and Zbtb4. For instance, Miz1-mediated transcription of the p15Ink4b and p21Cip1 genes is repressed when Miz1 complexes with Myc, which displaces p300 from Miz1 (3, 8) . Miz1 directly suppresses p21Cip1 transcription by binding to the POZ domain transcription factor Zbtb4, which recruits histone deacetylases (11) . Miz1 contains multiple functional domains including a pox virus and zinc finger/bric a brac tramtrack broad complex (POZ/BTB) domain at its N terminus and 13 zinc fingers (1, 2). The POZ/BTB domain is essential for Miz1 to exert its transcriptional activation and repression functions (1, 5, 12) . The activity of Miz1 is regulated by phosphorylation (13) and interactions with other cellular proteins, including Bcl-6 (10), the topoisomerase II binding protein TopBP1 (14) , and Myc (3) (4) (5) (6) (7) (8) (9) . Although Miz1 performs these transcriptional functions in the nucleus, Miz1 is also present in the cytoplasm, where its functions are incompletely understood (1) .
Recent studies show that cytoplasmic Miz1 may function as a signal-and pathway-specific modulator or regulator (SMOR) to regulate the inflammatory cytokine tumor necrosis factor alpha (TNFα) signaling pathway (15) . TNFα regulates a wide range of biological activities including inflammation, immune responses, apoptosis, and tumorigenesis through two cytoplasmic membrane receptors, TNF-R1 and TNF-R2 (16, 17) . Engagement of TNF-R1 by TNFα induces the formation and recruitment of the receptor Complex 1 to TNF-R1. Complex 1 is composed of TNF-R1-associated death domain protein (TRADD), TNF-receptorassociated factor (TRAF) 2 and 5, receptor interacting protein 1 (RIP1), and two inhibitors of apoptosis cIAP1/cIAP2 (18) (19) (20) (21) . TRAF2/5 and RIP1 are involved in activation of multiple downstream effectors including JNK, also known as stress-activated protein kinase (SAPK), as well as p38 and the inhibitor of NF-κB kinase (IKK) complex (22) (23) (24) (25) (26) (27) . Prolonged JNK activation contributes to TNFα-induced apoptosis when NF-κB activation is impaired (28) (29) (30) (31) (32) . Recently, we found that Miz1 selectively suppresses TNFα-induced JNK activation by interfering with TRAF2 K63-linked polyubiquitination (15) . The suppression by Miz1 is signal and pathway specific, as it does not suppress JNK activation by other stimuli like UV, IL-1, and TPA, or TNFα-induced activation of other MAPKs and IKK (15) . Interestingly, Miz1 undergoes proteosomal degradation upon TNFα stimulation, thereby relieving this inhibition. How Miz1 proteasomal degradation is regulated by TNFα is not known.
The HECT domain-containing ubiquitin ligase (E3) Mule (also known as Ureb1, LASU1, HUWE1, ARF-BP1, or HectH9) plays a critical role in proteasomal degradation of several proteins (33) (34) (35) (36) (37) , and is involved in regulation of apoptosis (33) . Mule has two Armadillo (ARM) repeat-like domains (ARLD1 spanning amino acids 104-374, and ARLD2 spanning amino acids 424-815), a ubiquitin-associated (UBA) domain (amino acids 1317-1355), a WWE (amino acids 1617-1678), and a well-conserved BH3 domain (amino acids 1972-1994) at its N terminus, and a HECT domain (amino acids 4016-4374) is at its C terminus (33, (38) (39) (40) . Mule ubiquitinates Histone H2A (34), p53 (35) , N-Myc (36), Mcl-1 (33) and Cdc6 (37) through K48-mediated linkage. Here, we report that Mule is the E3 ligase that interacts with and catalyzes K48-linked polyubiquitination of Miz1 in response to TNFα, and is required for TNFα-induced activation of JNK and cell death.
Results
Mule Is Required for TNFα-Induced Miz1 Degradation. Proteasomal degradation of proteins, in most cases, is the consequence of their K48-linked polyubiquitination (41, 42) . We hypothesized that TNFα stimulates the interaction of Miz1 with an E3 ligase that catalyzes the polyubiquitination and degradation of Miz1. To test this hypothesis, HEK293 cells transfected with Xpress-tagged Miz1 were treated with or without TNFα in the presence of the proteasome inhibitor MG-132. The Xpress-Miz1 complex was immunoprecipitated using anti-Xpress antibody, separated by SDS/PAGE, and visualized by colloidal Coomassie blue staining. MS/MS tandem mass spectrometry analysis of the proteins coimmunoprecipitated with Xpress-Miz1 revealed that Mule, a HECTdomain-containing E3 ligase, associated with Miz1 (Fig. 1A ). To test whether Mule is involved in TNFα-induced Miz1 degradation, expression of Mule was silenced with specific siRNA (Fig.  1B) . Immunoblotting analysis with anti-Miz1 antibody revealed that TNFα induced degradation of Miz1, which was blocked by MG-132, consistent with our previous finding (15) . Interestingly, knockdown of Mule inhibited TNFα-induced Miz1 degradation (Fig. 1B) . These results suggest that Mule targeted TNFα-induced degradation of Miz1 in a proteasome-dependent manner. Conversely, ectopic expression of WT Mule, but not its E3 ligase defective (C4341A) mutant (33) , induced degradation of cotransfected Miz1. This degradation was also blocked by MG-132 (Fig. 1C ). These results demonstrate that the E3 ligase activity of Mule is required for Miz1 degradation. However, the treatment with TNFα did not completely eliminate Miz1, consistent with our previous finding (15). It is possible that partial degradation of Miz1 may provide a fine control on the strength of JNK1 activation in response to TNFα.
In U2OS stable cells harboring tetracycline-inducible shMule (33) , tetracycline treatment decreased expression of Mule in a timedependent manner. After treatment with tetracycline for 3 d, Mule expression was almost undetectable (Fig. 1D ). Under these conditions, the expression level of Miz1 increased, whereas PKCδ and β-actin expression levels were constant (Fig. 1D ). These results demonstrate that Mule also regulates basal Miz1 degradation.
To determine the rate of Mule-mediated Miz1 degradation in response to TNFα, U2OS stable cells harboring tetracyclineinducible shMule were treated with or without tetracycline for 3 d, followed by treatment with the protein synthesis inhibitor cycloheximide (CHX), or TNFα plus CHX. Analysis of the slope constants of the power trendlines representing Miz1 protein levels revealed that TNFα significantly increased the rate of Mule-mediated degradation of Miz1 by 3. were transfected with expression vector encoding Xpress-Miz1 (50 μg). After 36 h, cells were pretreated with MG-132 for 2 h before stimulation with TNFα (5ng/mL) for 10 min. Cells extracts were harvested in Co-IP buffer supplemented with NEM and ubiquitin aldehyde. Miz1 was immunoprecipitated by anti-Xpress antibody, and the immune complexes were resolved on a 7.5% gel and visualized by CCB staining. Bands for mass spectrometry analysis to obtain tryptic peptides for the E3 ligase Mule were indicated by arrows. (B) WT MEFs transfected with control siRNA or siRNA for Mule (100 nM each) were treated with TNFα (5 ng/mL, 15 min) in the absence or presence of MG-132. Expression levels of Mule, Miz1 and β-actin were determined by immunoblotting. Miz1 protein levels were quantitated and normalized to β-actin levels, and the untreated controls were calculated as 100%. Similar results were obtained from at least three independent experiments. (C) HEK293 cells (1 × 10 5 ) were transfected with Xpress-Miz1, along with M2-Mule (WT or the C4341A mutant) or empty vector (2 μg each), in the absence (Upper) or presence (Lower) of MG-132. Expression levels of Xpress-Miz1 and M2-Mule were determined. (D) U2OS stable cells harboring tet-inducible shMule (U2OS/shMule) were treated with tetracycline (2 μg/mL) for the indicated times. Expression levels of Mule, Miz1, PKCδ, and β-actin were determined. (E) U2OS/shMule stable cells were treated with or without tetracycline for 3 d followed by the addition of CHX (3 μg/mL) with or without TNFα (10 ng/mL) for the indicated times. Expression levels of Miz1 and β-actin were determined (Left). Miz1 protein levels were quantitated and normalized to β-actin levels, as shown in power trendlines (Right). Slope constants were indicated. Similar results were obtained from at least three independent experiments.
Mule Ubiquitinates Miz1 in Vitro. To determine whether Mule catalyzes K48-linked polyubiquitination of Miz1, we performed in vitro ubiquitination assays. HEK293 cells were transfected with expression vectors encoding M2-Mule (WT or C4341A mutant) or empty vector. M2-Mule was immunoprecipitated and used as the source of E3 ligase in an in vitro ubiquitination assay with GST-Xpress-Miz1 as substrate. High-molecular-weight bands of Miz1 were appeared when incubated with WT but not the C4341 mutant of Mule in the presence of recombinant E1/E2 and ATP ( Fig. 2A, Left) . These high-molecular-weight bands were also recognized by anti-HA antibody, indicating that they were polyubiquitin conjugates of Miz1 ( Fig. 2A, Right) . Thus, Mule ubiquitinates Miz1 in vitro.
To exclude the possibility that GST-Miz1 was ubiquitinated by other E3 ligases coimmunoprecipitated with Mule, we tested whether recombinant Mule (33) could ubiquitinate GST-Miz1 in the in vitro ubiquitination assay. High-molecular-weight bands of Miz1 were detected when incubated with recombinant Mule (Fig.  2B, Left) . As expected, these high-molecular-weight Miz1 bands were recognized by anti-HA antibody, indicating that they were polyubiquitin conjugates of GST-Miz1 (Fig. 2B, Right) . This demonstrates that Mule can directly ubiquitinate Miz1 in vitro. The ubiquitination of Miz1 by the recombinant Mule was specific, as GST or GST-IκBα (1-54) were not ubiquitinated under the same conditions (Fig. 2C) . The bands below the molecular weight of GST-Miz1 (∼110 kDa) are likely to be the products of partial degradation of polyubiquitinated GST-Miz1.
Mule belongs to the HECT-domain-containing E3 ligase family, which is known to catalyze only one type of polyubiquitination linkages (43), K48-linked polyubiquitination of substrates including p53, Mcl-1, N-Myc, and Cdc6 (33, (35) (36) (37) . To determine whether Mule catalyzes K48-linked polyubiquitination of Miz1, we performed the in vitro ubiquitination assay in the presence of Ub (K48O), in which all lysines in ubiquitin were mutated to arginines except K48, or Ub (K63O). As expected, Mule ubiquitinated GST-Miz1 in the presence of Ub (K48O) but not Ub (K63O) (Fig. 2D) . Under the same conditions, purified GST-TRAF2 was able to catalyze polyubiquitination by forming K63-linked polyubiquitin chains in the presence of Ub (K63O) (Fig. 2E) , as reported previously (15, 44) . Taken together, these data suggest that Mule is a K48-E3 ligase for Miz1.
To Fig. S1 ). Similar results were obtained with two other known Mule substrates, GST-Mcl-1 and GST-p53 (33, 35) (Fig.  S2) . Fig. S1 ). Taken together, these results suggest that TNFα may induce Miz1 ubiquitination through both stimulation of Mule E3 ligase activity and induction of Miz1 phosphorylation.
Mule Regulates Miz1 K48-Linked Polyubiquitination and Degradation in Vivo. To determine whether Mule regulates Miz1 K48-linked polyubiquitination in vivo, HEK293 cells were transfected with expression vectors encoding Xpress-Miz1 along with HA-Ub (K48O), M2-Mule (WT or the C4341A mutant), or empty vector, followed by the treatment with TNFα in the presence of MG-132. K48-linked polyubiquitination of Xpress-Miz1 was augmented when Miz1 was cotransfected with Mule under nonstimulation conditions. This ubiquitination was further significantly enhanced by TNFα stimulation (Fig. 3A) . In contrast, the mutant Mule (C4341A) failed to augment Miz1 ubiquitination (Fig. 3A) . These results demonstrate that Mule can promote Miz1 ubiquitination in vivo.
To determine whether Mule is necessary for TNFα-induced Miz1 ubiquitination in vivo, HEK293 cells were transfected with control siRNA or siRNA specific for Mule, followed by the treatment with TNFα. Miz1 ubiquitination was significantly augmented by TNFα in cells transfected with control siRNA, but was not in cells transfected with siMule (Fig. 3B) . Taken together, these results demonstrate that the E3 ligase Mule is required for TNFα-induced Miz1 K48-linked polyubiquitination in vivo.
TNFα Promotes Interaction Between Mule and Miz1. The above observations prompted us to examine whether TNFα regulates the interaction between Mule and Miz1, thereby inducing Miz1 K48-linked polyubiquitination and proteasomal degradation. To test this hypothesis, HEK293 cells were transfected with expression vectors encoding M2-Mule, Xpress-Miz1, or empty vector, followed by treatment with TNFα in the presence of MG-132. Immunoblotting analysis of the immnoprecipitated Xpress-Miz1 complex with anti-M2 antibody revealed that M2-Mule coprecipitated with Xpress-Miz1 (Fig. 3C ). This suggests that ectopically expressed Mule and Miz1 interact with each other in resting cells. The interaction was significantly enhanced by TNFα (Fig. 3D ) and was independent of the POZ domain of Miz1 (Fig. 3E) . Unlike ectopically expressed Miz1 and Mule, the interaction between endogenous Mule and Miz1 was undetectable in nonstimulated cells (Fig. 3F) . However, endogenous Mule and Miz1 interacted with each other after TNFα stimulation, as demonstrated by coimmunoprecipitation of Mule with Miz1 (Fig. 3F) . It is possible that in the cotransfection experiments, the ectopic expression of Miz1 and Mule was much higher than endogenous levels, allowing the detection of weak basal interactions in nonstimulated cells. These results demonstrate that TNFα induces K48-linked polyubiquitination of Miz1, at least in part, by promoting the interaction of Mule with Miz1.
To test whether TNFα regulates the subcellular localization of Miz1 and Mule, control or TNFα-treated whole cell extracts were fractionated into cytoplasmic and nuclear fractions. Immunoblotting analysis of Miz1 and Mule revealed that Miz1 was present in both the cytoplasm and nucleus, whereas Mule was present only in the cytoplasm, consistent with the previous finding (45). Treatment with TNFα did not change the cytoplasmic/nuclear distribution of Miz1 and Mule (Fig. S3) .
Mule Regulates TNFα-Induced JNK Activation by Targeting Miz1 for Degradation. Miz1 is a SMOR that selectively inhibits TNFα-induced JNK activation (15) . Upon TNFα stimulation, Miz1 itself undergoes K48-linked polyubiquitination and subsequent degradation by the proteasome (15) (Fig. 3A) . If Mule is the K48-E3 ligase that is responsible for TNFα-induced K48-linked polyubiquitination of Miz1, then Mule should affect TNFα-induced JNK activation. To test this hypothesis, WT mouse embryonic fibroblasts (MEFs) were transfected with control siRNA or siRNA specific for Mule, followed by the treatment with TNFα. Immunoblotting analysis with anti-phospho-JNK antibody revealed that knockdown of Mule significantly inhibited TNFα-induced JNK activation (Fig. 4A, Left) . Similar results were obtained when U2OS stable cells harboring the tet-inducible shMule were treated with tetracycline (Fig. 4B) . To exclude the possibility that Mule might regulate TNFα-induced JNK activation via a yet-to-be identified protein other than Miz1, Miz1 −/− MEFs were transfected with control siRNA or siRNA for Mule. Immunoblotting analysis of TNFα-induced JNK phosphorylation revealed that knockdown of Mule was no longer able to inhibit TNFα-induced JNK activation in Miz1 null cells (Fig. 4A, Right) . This result demonstrates that Mule regulates TNFα-induced JNK activation by stimulating the ubiquitination and degradation of Miz1.
Mule appears to specifically regulate TNFα-induced JNK activation. We found that knockdown of Mule had no detectable effects on TNFα-induced activation of ERK or p38 (Fig. 4C) , FasL-induced JNK activation (Fig. 4D) , or IL-1β-induced JNK activation (Fig. 4E) . These results are consistent with our previous observations that Miz1 selectively inhibits TNFα-induced JNK activation (15) .
Mule Regulates TNFα-Induced Cell Death. JNK is essential for TNFα to induce cell death when NF-κB activation is impaired (28) (29) (30) 46) . To determine whether Mule regulates TNFα-induced cell death, WT MEFs were transfected with control siRNA or siRNA for Mule, followed by the infection with an adenoviral vector encoding the IκBα(AA) mutant, which is the "super-repressor" of NF-κB (47), or LacZ control. Immunoblotting analysis revealed that Mule was significantly silenced (Fig. 5A, Upper) . Under these conditions, knockdown of Mule significantly inhibited TNFα-induced apoptosis of WT MEFs, as analyzed by Hoechst staining (Fig. 5A , Lower) and PARP cleavage (Fig. 5B) . The inhibition was partial, as the residual JNK activity may still be able to promote a certain degree of cell death. Similar results were obtained in HEK293 cells (Fig. 5C ) and U2OS cells (Fig. 5D) . 
Discussion
The zinc finger transcription factor Miz1 is known to regulate gene expression and repression (1, 5, 12) . Recently it has been reported that Miz1 can also function as a novel SMOR to inhibit TNFα-induced JNK1 activation by suppressing TRAF2 K63-linked polyubiquitination (15) . Upon TNFα stimulation, Miz1 itself undergoes proteasomal degradation (15) . However, the underlying mechanism has remained elusive. Here we report that the HECT-domain-containing E3 ligase Mule acts as the E3 ligase that ubiquitinates Miz1 and triggers its proteasomal degradation, thereby contributing to TNFα-induced JNK activation and cell death. This conclusion is based on the following evidence.
First, silencing of Mule prevented TNFα-induced Miz1 degradation, whereas ectopic expression of Mule facilitated the degradation of cotransfected Miz1 (Fig. 1 B-E) . Second, recombinant and immunoprecipitated Mule ubiquitinated Miz1 in vitro (Fig. 2) . Third, silencing of Mule inhibited TNFα-induced K48-linked polyubiquitination of Miz1 in vivo, whereas ectopic expression of WT Mule but not its E3 ligase defective (C4341A) mutant enhanced the K48-linked polyubiquitination of cotransfected Miz1 (Fig. 3) . Finally, silencing of Mule specifically inhibited TNFα-induced JNK activation and cell death (Figs. 4 and 5) .
Is Mule a K48-specific E3 ligase for Miz1? Our data show that Mule catalyzes K48-but not K63-mediated linkage of polyubiquitin chains on Miz1 in vitro and in vivo (Figs. 2 and 3 ). In addition, Mule is required for Miz1 degradation in resting cells or in response to TNFα stimulation (Fig. 1) . Thus, Mule is a K48-specific E3 for Miz1. This is consistent with the general notion that HECT-domain-containing E3 ligases form only homogeneous ubiquitin chains, i.e., either K48-or K63-linked ubiquitin chains on their substrates (43) . Indeed, Mule is the E3 ligase that ubiquitinates histone H2A (34), p53 (35) , N-Myc (36), Mcl-1 (33) and Cdc6 (37) through K48-mediated linkage. The only exception to this trend is that a truncated Mule with the deletion of its first 2,470 amino acids (ΔN-Mule) ubiquitinates c-Myc through K63-mediated linkage (12) . This suggests that the N-terminal truncation alters the substrate specificity of Mule, as the N-terminal domains of HECT-domain-containing E3 ligases often confer the substrate recognition (48) .
Miz1 is a SMOR that selectively inhibits TNFα-induced JNK activation (15) and thereby has to be eliminated to allow TNFα to activate JNK. Our results show that Mule is required for TNFα-induced K48-linked polyubiquitination and proteasomal degradation of Miz1 (Figs. 1-3) , and that depletion of Mule suppresses TNFα-induced JNK activation (Fig. 4B) . The effect of Mule on TNFα-induced JNK activation depends on Miz1, as knock-down of Mule has no detectable effects on TNFα-induced JNK activation in Miz1 null MEFs (Fig. 4A) . Thus, ubiquitination of Miz1 by Mule is a key step in TNFα-induced JNK activation, and may provide another potential target for selectively intervening with TNFα signaling. Future studies are needed to test this hypothesis in a physiological or pathological setting.
The mechanism by which TNFα induces Miz1 K48-linked polyubiquitination by Mule has yet to be determined, but appears to involve, at least in part, enhancing the E3 ligase activity of Mule. The initiation of the ubiquitination process depends on posttranslational modifications that either activate the E3 ligases or increase the accessibility of the substrates (41, 42) . In addition, the recognition between E3 ligases and their substrates also depends on the association of the substrates with ancillary proteins such as molecular chaperones (42) . An emerging theme regarding the regulation of the HECT E3 ligases is that phosphorylation of the HECT E3 ligases may increase their activity, probably by relieving the inhibitory intramolecular interactions (49, 50) . Our data show that TNFα-treated Mule was more active for ubiquitinating Miz1 in vitro (Fig. S1) , suggesting the E3 ligase activity of Mule may be stimulated by TNFα. Future studies are needed to investigate the underlying mechanism.
In vivo, ubiquitination of Miz1 by Mule in response to TNFα may be regulated by multiple mechanisms. Our results show that TNFα induces the interaction between Mule and Miz1 (Fig. 3 C-E). It is possible that Mule is posttranslationally modified, which leads to its activation and interaction with its substrate. Another possibility is that Miz1 may be posttranslationally modified (most likely phosphorylated, as shown in Fig. S1 ), thereby increasing its accessibility to Mule. Because Mule and Miz1 both have conserved or putative BH3 protein-protein interaction domains, respectively, they may interact with each other through these BH3 domains.
Our results demonstrate that the regulation of TNFα-induced JNK1 activation by Mule is mediated by its catalysis of Miz1 K48-linked polyubiquitination (Fig. 4) . However, Mule is also known to contribute to degradation of the antiapoptotic Bcl-2 family protein Mcl-1 (33) . Thus, Mule regulates TNFα-induced cell death by at least two mechanisms. First, K48-linked polyubiquitination of Miz1 by Mule triggers Miz1 proteasomal degradation, thereby releasing Miz1-mediated inhibition on TNFα-induced JNK activation and apoptosis (28, 51) . Second, K48-linked polyubiquitination of Mcl-1 by Mule leads to proteasomal degradation of Mcl-1, thereby contributing to TNFα-induced apoptosis (33) . Thus, it appears that Mule is a key regulator in TNFα-induced cell death. Future studies will explore how Mule is regulated by TNFα.
Methods
Reagents, Plasmids, and siRNA. Antibodies against phospho-JNK, p38, phospho-p38, ERK, and phosphor-ERK were from Cell Signaling. Antibody against JNK was from Pharmingen. Antibody against Miz1 was as described previously (15) . Antibodies against ubiquitin, Tubulin, LaminA/C, Xpress, PARP, PKCδ, and HA were from Santa Cruz. Antibody against IKKβ was from Upstate. Antibody against Mule was from ProSci. All siRNAs were purchased from Dharmacon. Glutathione (GSH)-agarose beads, tetracycline, N-ethylmaleimide (NEM), ubiquitin aldehyde, purified E1, imidazole, cycloheximide (CHX), MG-132, Hoechst 33258, and antibodies against M2 and β-actin were from Sigma. Fas ligand, IL-1β, and murine TNFα were from R&D Systems. TRAIL was from Biomol. Recombinant E2 (UbcH5), HA-ubiquitin and ubiquitin (K63O or K48O) were from Boston Biochem. Ni-NTA Magnetic Agarose beads was from 
